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REDUCED HARDWARE IMPLEMENTATION 
FOR A TWO-PICTURE DEPTH MAP 

ALGORTHM 

RELATED APPLICATIONS 

This patent application is related to the co-pending U.S. 
Patent Application, entitled “METHOD AND APPARATUS 
FOR GENERATINGADEPTH MAPUTILIZED IN AUTO 
FOCUSING”, application Ser. No. 1 1/473,694. The related 
co-pending application is assigned to the same assignee as the 
present application. 

FIELD OF INVENTION 

This invention relates generally to image acquisition, and 
more particularly a reduced hardware implementation that 
generates a depth map from two pictures. 

COPYRIGHT NOTICEAPERMISSION 

A portion of the disclosure of this patent document con 
tains material which is Subject to copyright protection. The 
copyright owner has no objection to the facsimile reproduc 
tion by anyone of the patent document or the patent disclosure 
as it appears in the Patent and Trademark Office patent file or 
records, but otherwise reserves all copyright rights whatso 
ever. The following notice applies to the Software and data as 
described below and in the drawings hereto: CopyrightC) 
2006, Sony Electronics, Incorporated, All Rights Reserved. 

BACKGROUND 

A depth map is a map of the distance from objects con 
tained in a three dimensional spatial scene to a camera lens 
acquiring an image of the spatial scene. Determining the 
distance between objects in a three dimensional spatial scene 
is an important problem in, but not limited to, auto-focusing 
digital and video cameras, computer/robotic vision and Sur 
veillance. 

There are typically two types of methods for determining a 
depth map: active and passive. An active system controls the 
illumination of target objects, whereas a passive system 
depends on the ambient illumination. Passive systems typi 
cally use either (i) shape analysis, (ii) multiple view (e.g. 
stereo) analysis or (iii) depth of field/optical analysis. Depth 
of field analysis cameras rely of the fact that depth informa 
tion is obtained from focal gradients. At each focal setting of 
a camera lens, some objects of the spatial scene are in focus 
and some are not. Changing the focal setting brings some 
objects into focus while taking other objects out of focus. The 
change in focus for the objects of the scene at different focal 
points is a focal gradient. A limited depth of field inherent in 
most camera systems causes the focal gradient. 

Capturing two images of the same scene using different 
lens positions for each image is away to capture the change in 
blur information. Changing lens positions between the two 
images causes the focal gradient. However, a drawback of this 
system is that storage of at least two full-sized images is 
required. 

SUMMARY 

An imaging system generates a picture depth map from a 
pair of reduced resolution images. The system captures two 
full resolution images, receives image reduction information, 
and creates two reduced resolution images. The system com 
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2 
putes a blur difference between the two reduced resolution 
images at different image locations. The system calculates the 
depth map based on the blur difference at different image 
locations. 
The present invention is described in conjunction with 

systems, clients, servers, methods, and machine-readable 
media of varying scope. In addition to the aspects of the 
present invention described in this Summary, further aspects 
of the invention will become apparent by reference to the 
drawings and by reading the detailed description that follows. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention is illustrated by way of example and 
not limitation in the figures of the accompanying drawings in 
which like references indicate similar elements. 

FIG. 1 (prior art) illustrates one embodiment of an imaging 
system. 

FIG. 2 (prior art) illustrates one embodiment of two imag 
ing optics settings used by sensor 104 used to capture two 
pictures with different focal position and aperture. 

FIG. 3 (prior art) is a block diagram illustrating one 
embodiment of a system to generate a picture depth map from 
two full resolution images. 

FIG. 4 is a block diagram illustrating one embodiment of a 
system to generate a picture depth map from two reduced 
resolution images. 

FIG. 5 is a flow chart of one embodiment of a method to 
generate a picture depth map using two reduced resolution 
images. 

FIG. 6 is a block diagram illustrating one embodiment of 
full resolution image reduced to a reduced resolution image. 

FIG. 7 is a block diagram illustrating one embodiment of 
different pixels sizes and associated blur radii for different 
full and reduced resolution images. 

FIG. 8 is a graph illustrating one embodiment of focal 
depth image separation for different reduced resolution 
images. 

FIG. 9 illustrates one embodiment of a first full resolution 
test image. 

FIG. 10 illustrates one embodiment of a generated depth 
map for the first full resolution test image at differing lens 
positions. 

FIG. 11 illustrates one embodiment of an iteration map for 
the generated image map at differing lens positions. 

FIG. 12 illustrates one embodiment of a face specific tem 
plate of the first full resolution test image. 

FIG. 13 illustrates one embodiment of a face specific error 
map of the first full resolution test image. 

FIG. 14 illustrates graphs of average iterations and average 
error in generating the depth map for the face specific first full 
resolution test image. 

FIG. 15 illustrates one embodiment of a first reduced reso 
lution test image. 

FIG. 16 illustrates one embodiment of a face specific tem 
plate of the first reduced resolution test image. 

FIG. 17 illustrates graphs of average iterations in generat 
ing the depth map for the first face specific reduced resolution 
test image. 

FIG. 18 illustrates graphs of average error in generating the 
depth map for the first face specific reduced resolution test 
image. 

FIG. 19 illustrates one embodiment of a second full reso 
lution test image. 

FIG. 20 illustrates one embodiment of a generated depth 
map for the second full resolution test image at differing lens 
positions. 
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FIG. 21 illustrates one embodiment of an iteration map for 
the generated image map at differing lens positions. 

FIG.22 illustrates one embodiment of a face specific tem 
plate of the second full resolution test image. 

FIG. 23 illustrates one embodiment of a face specific error 5 
map of the second full resolution test image. 

FIG.24 illustrates graphs of average iterations and average 
error in generating the depth map for the face specific second 
full resolution test image. 

FIG. 25 illustrates one embodiment of a second reduced 10 
resolution test image. 

FIG. 26 illustrates one embodiment of a face specific tem 
plate of the second reduced resolution test image. 

FIG. 27 illustrates graphs of average iterations in generat 
ing the depth map for the face specific second reduced reso- 15 
lution test image. 

FIG.28 illustrates graphs of average error in generating the 
depth map for the face specific second reduced resolution test 
image. 

FIG. 29 illustrates one embodiment of a third full resolu- 20 
tion test image. 

FIG. 30 illustrates one embodiment of a generated depth 
map for the third full resolution test image at differing lens 
positions. 

FIG.31 illustrates one embodiment of an iteration map for 25 
the generated image map at differing lens positions. 

FIG. 32 illustrates one embodiment of a face specific tem 
plate of the third full resolution test image. 

FIG.33 illustrates one embodiment of a face specific error 
map of the third full resolution test image. 30 

FIG.34 illustrates graphs of average iterations and average 
error in generating the depth map for the face specific third 
full resolution test image. 

FIG. 35 illustrates one embodiment of a third reduced 
resolution test image. 35 

FIG. 36 illustrates one embodiment of a face specific tem 
plate of the third reduced resolution test image. 

FIG.37 illustrates graphs of average iterations and average 
errors in generating the depth map for the face specific third 
reduced resolution test image. 40 

FIG.38 is a block diagram illustrating one embodiment of 
an image device control unit that calculates a depth map. 

FIG. 39 is a diagram of one embodiment of an operating 
environment Suitable for practicing the present invention. 

FIG. 40 a diagram of one embodiment of a computer sys- 45 
tem suitable for use in the operating environment of FIG. 39. 

DETAILED DESCRIPTION 

In the following detailed description of embodiments of the 50 
invention, reference is made to the accompanying drawings in 
which like references indicate similar elements, and in which 
is shown by way of illustration specific embodiments in 
which the invention may be practiced. These embodiments 
are described in sufficient detail to enable those skilled in the 55 
art to practice the invention, and it is to be understood that 
other embodiments may be utilized and that logical, mechani 
cal, electrical, functional, and other changes may be made 
without departing from the scope of the present invention. 
The following detailed description is, therefore, not to be 60 
taken in a limiting sense, and the scope of the present inven 
tion is defined only by the appended claims. 

FIG. 1 (prior art) illustrates one embodiment of an imaging 
system 100. In FIG. 1, imaging system comprises lens 102. 
sensor 104, control unit 106, storage 108, and lens opening 65 
110. Imaging system 100 may be digital or film still camera, 
Video camera, Surveillance camera, robotic vision sensor, 

4 
image sensor, etc. Sensor 104 captures an image of a scene 
through lens 102. Sensor 104 can acquire a still picture, such 
as in a digital or film still camera, or acquire a continuous 
picture, Such as a video or Surveillance camera. In addition, 
sensor 104 can acquire the image based on different color 
models used in the art, such as Red-Green-Blue (RGB), Cyan, 
Magenta, Yellow, Green (CMYG), etc. Control unit 106 typi 
cally manages the sensor 104 automatically and/or by opera 
tor input. Control unit 106 configures operating parameters of 
the sensor 104 and lens 102 such as, but not limited to, the lens 
focal length, f, the aperture of the lens, A, lens focus position, 
and (in still cameras) the lens shutter speed. In addition, 
control unit 106 may incorporate a depth map unit 120 
(shown in phantom) that generates a depth map of the scene. 
The image(s) acquired by sensor 104 are stored in the image 
storage 108. 

FIG. 2 (prior art) illustrates one embodiment of two imag 
ing optics settings used by imaging system 100 used to cap 
ture two images with different focal position. FIG. 2 illus 
trates one embodiment of two imaging optics settings used by 
sensor 104 used to capture two images with different aperture 
and focal position. In FIG. 2, sensor 104 uses optical setting 
202 to capture a first image, f, of point 204 that is a distance 
d from lens 206. Lens 206 uses a focus D3 216, aperture A1 
208 and focal length f(not shown). The focal length is con 
stant for the two optics settings 202 and 222. Furthermore, is 
it assumed for optics setting 202 that d is much greater than 
d, where d is the distance 218 between lens 206 and a 
properly focused point image 214. With these settings, image 
acquisition unit 100 captures a blurred image 212 of point 204 
on image plane 210 with blur radius 212. As drawn, lens 206 
is properly focused on point 204 if the image captured is point 
image 214. 

In addition, sensor 104 uses optics settings 222 to capture 
the second image, f2. For the second image, lens 206 moves 
slightly farther from the image plane 210 (e.g. D4>D3) and, 
therefore, closer to point 204. Even though lens 206 has 
moved closer to point 204, because d is much greater thand, 
and d, it is assumed that the distance between lens 206 and 
point 204 is the same (e.g. d) for both optics settings. Fur 
thermore, lens 206 uses optics settings 222 that consists of 
focus D4236, aperture A2242, and focallength f. Comparing 
optics setting 222 and 202, optics settings 222 has a closer 
focusing point. As a result, the second image of point 204 
captured through lens 206 with optics setting 222 results in 
image 232 with blur radius r displayed on image plane 210. 
Furthermore, is it assumed for optics setting 222 that d is 
much greater thand, where d is the distance 238 between 
lens 206 and a properly focused point image 214. 
As illustrated in FIG. 2, optics setting 222 results in image 

232 on image plane 210 that has a larger blur radius, r2, as 
compared with the blur radius, r, for image 212 using optics 
model 202. However, optics settings 202 and 222 are only an 
illustration of the relative blurring from one change in settings 
for one spatial scene (e.g., lens 206 position in optics setting 
222 is to the right of lens 206 position in optics setting 202). 
Alternatively, a change in blur results from lens 206 position 
in optics setting 222 being to the right of lens 206 position in 
optics setting 202. In this embodiment, blur radius r is larger 
that r. Nevertheless, the change in blur is the information 
required. 

FIG. 3 (prior art) is a block diagram illustrating one 
embodiment of a system 300 to generate a picture depth map 
from two full resolution images. System 300 is one embodi 
ment that computes a depth map for an image by determining 
the blur difference quantities between the two full resolution 
images captured at multiple lens 102 positions. Control unit 
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106 uses the captured images and simulates a Gaussian blur 
using the iteration of convolving kernel. 

In one embodiment, system 300 convolves a first image 
with blur equal to r with an approximate telescoping Solution 
of a 3x3 kernel for Niterations to yield a blur, r, equal to the 
blur of the second image. This is further described in the 
co-pending U.S. Patent Application, entitled “METHOD 
AND APPARATUS FOR GENERATING A DEPTH MAP 
UTILIZED IN AUTOFOCUSING”, application Ser. No. 
1 1/473,694. In one embodiment, let h(x,y) denote the Gaus 
sian blur kernel. In this embodiment, h(x,y) can be applied 
once or several times to one of the images in order to convolve 
one image into another. For example, let I1(x,y) and I2(x,y) 
represent the two captured images. Assume that both images 
have space invariant blur and assume that the amount of blur 
in I2(x,y) is greater than the amount of blur in I1(x,y), I2(X, 
y)-I1(x,y)*h(x,y)*h(x,y) ... *h(x,y), where h(x,y) has been 
applied N=N1 times. System 300 uses the Gaussian blur 
quantity of h(x,y) applied N times to compute a depth map of 
the image. If I1(x,y) has greater blur than I2(x,y), I1(x,y)-I2 
(x,y)*h(x,y)*h(x,y) . . . . h(x,y), where h(x,y) has been 
applied N=N2 times. Let N=Nmax denote the maximum 
possible number of applied convolutions. In practice, one 
image can be convolved into the other. For example, ifI2(x,y) 
has less blur than I1(x,y), I2 cannot be convoluted into I1. 
Hence, I1(x,y)-I2(x,y)h(x,y) . . . *h(x,y) will yield N=0. 
Similarly, if I1(x,y) has less blur than I2(x,y), I1(x,y)-I2(x, 
y)h(x,y)*...*h(x,y) will yield N=0. In practice, the number 
of convolutions is given by the minimum number of non-Zero 
convolutions (e.g. min non Zero(N1,N2)). 

For real images, the blur is space variant. Here, image 
blocks in the image are analyzed. In one embodiment, the 
selected regions consist of non-overlapping NXN blocks. If 
the blur in the selected block of an image is homogeneous 
(space invariant), the blur in I2 can be greater than the blur in 
I1, and vice versa. In order to obtain the appropriate N value, 
the blur convolution is applied in both directions. The mini 
mum non-zero N value is selected for the given region. If the 
blur in the selected region of the image is inhomogeneous 
(space variant), the computed N value will be inaccurate. In 
either case, the convolution kernel is applied to both images. 
Specific regions of the image are then examined to determine 
the appropriate N value. 

In FIG. 3, system 300 comprises control unit 106 and 
storage 108. Control unit 108 comprises pipeline 308, gates 
310A-310C, MAE 312, 3x3 Filter 314, MAE memory 316, 
MIN 318, gathering result module 320 and auto-focus posi 
tion module 322. Storage 108 comprises Input Full Image 
302. Input Full Image 304, and Temporal Full Image 306. 
Input Full Images 302,304 couple to sensor 104 via pipeline 
308. In addition, Input Full Image 302 and 304 couple to gates 
310A-C. Furthermore, temporal full image 306 couples to 
gates 310 A-C. Mean Absolute Error (MAE) 312 couples to 
gate 310A and Minimum (MIN) 318. MIN 318 further 
couples to MAE memory 316 and gathering result module 
320. Gathering result module 320 further couples to auto 
focus position information module 322. 3x3 Filter 314 
couples to gate 310C and Temporal Full Image 306. 

Sensor 104 acquires Input Full Images 302,304 at different 
optic settings. The different optic settings can be different 
lens focus positions, focal length, aperture, and/or a combi 
nation thereof. These images have different blur information. 
System 300 uses the different blur information to compute a 
blur difference. System 300 computes the blur difference by 
convolving one of Input Full Image 302 or 304 with the blur 
kernel into the other image. System 300 can convolve Input 
Full Image 302 into Input Full Image 304 or visa versa. 
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6 
System 300 stores one of Input Full Image 302 or 304 into 
Temporary Full Image 306. In this embodiment of system 
300, Temporal Full Image 306 is the same size as Input Full 
Images 302,304. With each iteration, System 300 convolves 
the image stored in Temporal Full Image 306 with 3x3 Filter 
314 via gate 310C and generates an updated convolved image 
in Temporal Full Image 306. Convolving the stored image 
with 3x3 Filter 314 blurs that image. 

In one embodiment, Input Full Image 302 has less blur than 
Input Full Image 304. In this embodiment, System 300 stores 
Input Full Image 304 in Temporary Full Image 306 and con 
volves this stored image with the blur kernel. MAE 312 
computes the difference between the Temporary Full Image 
306 and Input Full Images 304. System 300 repeats this 
convolving of blur kernel N times until system 300 generates 
a Temporal Full Image 306 that matches Input Full Image 
304. 

In an alternate embodiment, Input Full Image 302 has 
blocks of the image that are either sharper or blurrier than the 
corresponding blocks of Input Full Image 304. In this 
embodiment, System 300 convolves Input Full Image 302 
with Filter 314 as above. System 300 matches blocks of the 
convolved image stored in Temporary Full Image 306 up to an 
iteration threshold N=Nmax. If the mean absolute error com 
puted from block MAE 312 is minimum for N=0, these 
blocks of Input Full Image 302 have greater blur than the 
corresponding blocks of Input Full Image 304. For these 
blocks, System 300 stores Input Full Image 304 in Temporary 
Full Image 306. Furthermore, System 300 convolves this 
image with Filter 314 to determine the blur difference 
between the sharper blocks of Input Full Image 304 and the 
corresponding blurrier blocks of Input Full Image 302 as 
above. In one embodiment, for arbitrary images, blocks can 
also encompass space variant regions. These regions occur 
along the boundaries of an image. For example, the block 
encompasses part of the foreground and part of the back 
ground. Once again, two values are computed. The minimum 
non-Zero value is then selected. 
MIN 318 receives the blur difference (iterative values rep 

resented by N) and determines the minimum non-zero N 
value. This value is stored in MAE memory 316. In addition, 
MIN 318 further computes the depth information from the 
received blur difference and forwards the depth information 
to Gathering Results module 320. Gathering Results module 
320 gathers the depth information and forwards it to auto 
focus position information module 322, which uses the depth 
information for auto-focusing applications. 
A drawback of system 300 is that storage of three full-sized 

images is required. Because a full-sized image is related to 
sensor 104, as sensor size increases, the amount of informa 
tion to process increases and the amount of storage for system 
300 increases threefold. Furthermore, because of the large 
image sizes, converging on the Temporal Full Image 306 can 
require a large number of calculations. The number of con 
Volution iterations required can be on the magnitude of sev 
eral hundred. However, full sized images are not necessarily 
needed to generate depth maps from images. In addition, 
reduced resolution images have less information to process. 
Thus, a system can generate a depth map using reduced 
resolution images. 

FIG. 4 is a block diagram illustrating one embodiment of a 
system 400 to generate a picture depth map from two reduced 
resolution images. In FIG. 4, system 400 uses two reduced 
resolution images to compute the depth information. System 
400 comprises control unit 106 and storage 108. Control unit 
106 comprises pipeline 404, block memories 406A-B, block 
memory 408, MAE 410, 3x3 Filter 412, Small Memory 414, 
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MIN 416, Gathering Result Module 418, and AF Position 
Requirement Module 424. Storage 108 comprises Raw Data 
402 and Input Window Images 402A-B. As stated above, 
Input Window Images 402A-B are smaller than Input Full 
Images 302,304 used for system 300 above. Reduced images 
are further described in FIG. 6, below. 

Input Window Images 402A-B couple to sensor 104 via 
pipeline 404. In addition, Input Window Images 402A-B 
couple to Block Memories 406A-B, respectively. Block 
Memory 406A and 406B couple to gates 420A-C and Block 
Memory 408 couples to 420A and C. MAE 410 couples to 
gate 420A and MIN 416. MIN 416 further couples to Small 
Memory 414 and gathering result module 418. Gathering 
result module 418 further couples to auto-focus position 
information module 424. 3x3 Filer 412 couples to gate 420C 
and Block Memory 408. 

In one embodiment, system 400 derives the reduced 
images, Input Window Image 402A-B. from raw image data 
gathered at different lens positions. Similar to the full reso 
lution images, Input Window Image 402A-B represent differ 
ent optic settings and contain different blur information about 
the image. In one embodiment, system 400 reduces the raw 
data by a k-factor, meaning the number of pixels along the X 
and y axis of the image is reduced by factork. In this embodi 
ment, the number of pixels in the reduced images, Input 
Window Image 402A-B, is 1/k’ the raw data pixel number. 
For example, in one embodiment, the raw data is ten mega 
pixels, which is an images size of 3888x2592 pixels. If Input 
Window Images 402A-B are reduced by a k-factor of 10, 
Input Window Images 402A-B are 389x259 pixels. 

Instead of convolving whole images as done by System 
300, System 400 convolves one or more individual reduced 
image blocks. System 400 stores blocks of Input Window 
Images 402A-B in block memory 406A-B, respectively. In 
one embodiment, block memory 406A-B for the input images 
is 16x16 pixels large. Furthermore, system 400 uses block 
memory 408 to store a convolved image block generated by 
the system iterative calculations. 

System 400 convolves the one or more image blocks in 
block memory 408 with 3x3 Filter 412, generating an updated 
block image in block memory 408. In one embodiment, block 
memory 408 holds a block of Input Window Image 402A. 
This embodiment is used for blocks of Input Full Image 302 
that are sharper than Input Full Image 304. System 400 con 
volves this block with Filter 412 into the corresponding block 
stored in block memory 406B to determine the blur difference 
between the two blocks. Conversely, in another embodiment, 
block memory 408 holds a block of Input Window Image 
402B. System 400 convolves this block with Filter 412 into 
the corresponding block stored in block memory 406A to 
determine the blur difference between the two blocks. This 
embodiment is used for blocks of Input Window Image 402B 
that are sharper than the corresponding blocks of Input Win 
dow Image 402A. 

System 400 repeats this process N times until system 400 
generates a converged block image in block memory 408. 
MAE 410 computes the blur difference. 

Between the Input Window Images 402A-B, MIN 416 
receives the blur difference iterative values represented by N. 
determines the minimum non-Zero N value and accumulates 
the results in Small Memory 414. MIN 416 further computes 
the depth information from the received blur difference and 
forwards the depth to Gathering Results module 418. Gath 
ering Results module 418 gathers the depth information and 
forwards it to auto-focus position information module 424, 
which uses the depth information for auto-focusing applica 
tions. As will be described below, system 400 achieves com 
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8 
parable depth map results with less computation iterations 
and using fewer resources. For example, the number of con 
Volution iterations can be less than or equal to twenty. See, for 
example, FIG. 17 below. 

FIG. 5 is a flow chart of one embodiment of a method 500 
to generate a picture depth map using two reduced resolution 
images. In FIG. 5, at block 502, method 500 receives a reduc 
tion factor. In one embodiment, the reduction factor is the 
k-factor described above, in which the full imagexandy pixel 
dimensions are reduced by a factork. Reducing each dimen 
sion by the same factor preserves the aspect ratio of the full 
image. Alternatively, the reduction factor is defined using 
other known algorithms. 
At block 504, method 500 generates the first and second 

reduced image. In one embodiment, method 500 receives full 
images at a first and second lens position and converts the full 
images to the reduced images. FIG. 6 is a block diagram 
illustrating the conversion of full resolution image pixels to 
reduced resolution pixels according to one embodiment. In 
FIG. 6, full image 600 comprises mxn pixels. In this conver 
sion, block 504 of method 500 converts full image 600 to 
reduced image 602, using a reduction k-factor of 4. In this 
embodiment, method 600 converts 4x4 pixel blocks to one 
pixel of reduced image 602. In one embodiment, block 504 of 
method 500 averages the full color pixel values in one 4x4 
pixel block of full image 600 to generate the pixel of reduced 
image 602. In another embodiment, block 504 of method 500 
averages one color channel of the 4x4 pixel block of full 
image 600 to generate one color channel for a corresponding 
pixel of reduced image 602. Because block 504 of method 
500 does not require full color information to generate a depth 
map, block 504 of method 500 can work with a full color 
reduced image or a one color channel reduced image. 

Because the reduced image has fewer pixels than the full 
image for the same sensor size, the reduced image pixel size 
is larger than the full image pixel size. For example, a ten 
megapixel sensor that has 5.49x5.49 micron pixel size 
changes to a 54.9x54.9 micron pixel size for a k=10 reduced 
image. Because the reduced image has a larger pixel size, the 
effective change in blur between two reduced resolution 
images is decreased. Hence, the amount of blur needed for 
method 500 to generate a depth map is larger for reduced 
images than for full images. Larger lens movement can lead to 
larger blur differences between the two images. 

FIG. 7 is a block diagram illustrating different pixels sizes 
and associated blur radii for full and reduced resolution 
images according to one embodiment. In FIG. 7, three differ 
ent pixels 702A-C are illustrated corresponding to full reso 
lution pixel size (k=1) and two reduced resolution pixel sizes 
(k=3 and 9), respectively. Overlaid on pixels 702A-C is dif 
ferent blur radii 704A-C. Recall that system 400 uses two 
images with different blur information to generate the depth 
map. For a second image to have a detectable change in blur, 
the blurring radius should be bigger than the pixel size. For 
example, in FIG. 7, a blurring illustrated by blur radii 704A-C 
is larger than full resolution pixel size 702A. Thus, an image 
that has a blurring represented any of blur radii 704A-C can 
be used as the second image to generate a depth map. How 
ever, while blur radii 704B-C are larger than pixel size 702B, 
blur radius 702A is too small a blur change to be detected in 
an image with pixel size 702B. A smaller blurring is not 
detectable in an image with Such a large pixel size. 

FIG. 7 illustrates that the larger the pixel size used for the 
reduced resolution, the greater the blurring is needed for 
method 500 to detect the blur change. Blur change results 
from and/or other optics settings. See, for example, the lens 
position difference of two imaging optics settings in FIG. 2. 
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Thus, the larger pixel size is proportional to the greater the 
distance a lens has to move for system 400 to detect an 
accurate blur difference between the first and second images. 
The change in lens position is graphically illustrated in FIG. 
8. FIG. 8 is a graph illustrating one embodiment of focal depth 
image separation for different reduced resolution images. In 
FIG. 8, imaging system 802 can acquire a series of images 
804A-I at different focal depths 804A-I determined by lens 
position. Images with larger focal depth separation have 
larger blur differentials. For example, images taken at focal 
depths 804A-B have a smaller blur differential than images 
taken at focal depths 804A and D. Thus, method 500 can 
utilize image pairs with Small blur separation for reduced 
resolution images with relatively small pixel size (e.g., Small 
k-factor), whereas method 500 would need images pairs with 
a larger blur separation for reduced resolution images with 
relatively large pixel size (e.g., large k-factor). For example, 
for reduced resolution images with k=10, method 500 would 
use image pairs 804A and D, or, 804A and E, etc., instead of 
image pairs 804A and B. 

Returning to FIG. 5, at block 506, method 500 initializes 
counters N1 and N2 to -1, C1 and C2 to zero and error 
quantities Error1, Error1 new, Error2 and Error2 new to a 
large number, 10'. In one embodiment, N1 represents the 
number of iterations to convolve a first reduced image block 
into a corresponding second reduced image block while N2 
represents the number of iterations to convolve a second 
reduced image block into a corresponding first reduced image 
block. C1 and C2 count every blur iteration that occurs. Once 
C1 or C2 reaches Cmax, the looping in that respective branch 
ends. In addition, method 500 sets the maximum number of 
iterations. Cmax, to Z. 
Method 500 executes two processing loops (blocks 508A 

514A and 508B-514B) for each pair of corresponding image 
blocks of the first and second reduced images. In one embodi 
ment, method 500 uses the first loop to determine the blur 
difference between blocks of the first and second reduced 
image for blocks that are sharper in the first reduced image. 
Method 500 uses the second loop to determine blur difference 
for blocks that are sharper in the second reduced image. In one 
embodiment, method 500 executes the first and second loops 
for all the image block pairs. In another embodiment, method 
500 executes either the first or second loop for all the image 
block pairs and executes the other loop for the block pairs that 
have iteration counts determined in the preceding loop equal 
tO Zero. 

In the first loop, method 500 determines the match error 
between the first and second reduced image blocks. If the 
error is smaller than the previously stored value, counter N1 is 
incremented. In addition, the stored error value Error1 is also 
updated. Method 500 proceeds to 512a. If the match error is 
not smaller, method 500 proceeds to 512a. Method 500 blurs 
the first reduced image block at block 512a. In one embodi 
ment, method 500 blurs the first reduced image block as 
described with reference to FIG. 4. Method 500 increments 
C1 by one at block 513a. At block 514a, method 500 deter 
mines if C1 is equal to Cmax. If so, execution proceeds to 
block 516. If C1 is less than Cmax, execution proceeds to 
507a. Now, the first reduced image block is updated with the 
blurred block resulting from 512a while the second reduced 
image block remains unchanged. 

In the second loop, method 500 determines the match error 
between the second and first reduced image blocks. If the 
error is smaller than the previously stored value, counter N2 is 
incremented. In addition, the stored error value Error2 is also 
updated. Method 500 proceeds to 512b. If the match error is 
not smaller, method 500 proceeds immediately to 512b. 
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10 
Method 500 blurs the second reduced image block at block 
512b. In one embodiment, method 500 blurs the second 
reduced image block as described with reference to FIG. 4. 
Method 500 increments C2 by one at block 5.13b. At block 
514b, method 500 determines if C2 is equal to Cmax. If so, 
execution proceeds to block 516. If C2 is less than Cmax, 
execution proceeds to 507b. The second reduced image block 
is updated with the blurred block resulting from 512b while 
the first reduced image block remains unchanged. 
At block 516, method 500 determines the minimum non 

Zero value of N1 and N2. In one embodiment, method 500 
determines the minimum as described with reference to FIG. 
4, MIN 416. At block 518, method 500 calculates the depth 
map information for that image block from the iteration infor 
mation generated at block 516. In one embodiment, method 
500 determines the depth map information as described with 
reference to FIG.4, MIN 416. 

FIGS. 9-38 illustrate results that compare the full image 
depth map generation as described in conjunction with the 
prior art system 300 with the reduced resolution image depth 
map generation described in conjunction with system 400 and 
method 500. 

FIG. 9 illustrates one embodiment of a first full resolution 
test image 900. FIG.900 comprises mannequins 902,904 and 
background 906. Image 900 was acquired with a focal length 
of 50 mm and aperture of F3.5. Mannequin 902 is 1.29 meters 
from the camera sensor and mannequin 904 is 1.74 meters 
away. 

FIGS. 10-14 illustrate generated depth maps, iteration 
maps, face specific templates, face specific error map, face 
specific average iterations and face specific average error for 
the full resolution test image in FIG.9. FIG. 10 illustrates one 
embodiment of a series of generated depth maps 1000 for the 
first full resolution test image at differing focal depths. In this 
embodiment, the depth map was generated using the green 
channel. Each of the series of generated depth maps corre 
spond to a depth map generated from a pair of images sepa 
rated by a one depth of field. The different depth maps cor 
respond to different lens positions are focused at different 
locations in the scene. FIG. 10 illustrates 40 computed depth 
maps, for monotonically changing lens focus positions. The 
first fourteen depth maps are outside the preset display range. 
The next fourteen depth maps show different depths for man 
nequin 902,904 and background 906. The final twelve depth 
maps start to lose the depth accuracy formannequins 902,904 
and background 906 and, thus, show error in the depth maps. 

FIG. 11 illustrates one embodiment of an iteration map 
1100 for the generated depth maps at differing focal depths. 
Iteration map 1100 illustrates the number of iterations 
required to calculate the change in blurat each location in the 
image and at differing focal depths. In this embodiment, the 
depth map was generated using the green channel. 

FIG. 12 illustrates one embodiment of face specific tem 
plates 1202, 1204 of the first full resolution test image. These 
templates are empirically determined and restrict the analysis 
of the error to the mannequin 902,904 faces. 

FIG. 13 illustrates one embodiment of a face specific error 
map 1300 of the first full resolution test image. Error map 
1300 illustrates the percent error between the calculated dis 
tance and the actual distance for the mannequin 902, 904 
faces. There is large error in the depth for the mannequin 902, 
904 faces for the initial fourteen face specific error maps. The 
middle fourteen face specific error maps show little error, as 
expected from above. More error is shown in the last twelve 
face specific error maps. 

FIG. 14 illustrates graphs of average iterations 1400 and 
average error 1402 in generating the face specific depth map 
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for the face specific first full resolution test image. In FIG. 14, 
graph 1400 illustrates the number of iterations needed to 
obtain the depth map for a particular picture. Graphs 
1404A-B represent number of iterations needed for manne 
quin 902 and 904, respectively. 

Graphs 1406A-B illustrate the error in the depth map for 
mannequins 902,904. As noted before, depth maps based on 
pictures early and late in the picture sequence (e.g., greater 
than picture 15 and less than picture 28), tend to show large 
error. The middle sequence of picture has a relatively low 
error percentage. In addition, the error for the near mannequin 
902 is generally larger than for the rear mannequin 904. 

FIG. 15 illustrates one embodiment of a first reduced reso 
lution test image 1500 and is the same image as in FIG. 9. 
except the resolution is a quarter video graphics array reso 
lution of 320x240 pixels (k=16 as compared with image 900). 
FIG. 1500 comprises mannequins 1502, 1504 and back 
ground 1506. Image 1500 was acquired with a focal length of 
50 mm and aperture of F3.5. Mannequin 1502 is 1.29 meters 
from the camera sensor and mannequin 1504 is 1.74 meters 
away. 

FIGS. 16-18 illustrate face specific template, face specific 
average iterations and face specific average error for the 
reduced resolution image in FIG. 15. FIG. 16 illustrates one 
embodiment of a face specific template 1602, 1604 of the first 
reduced resolution test image. These templates are empiri 
cally determined and restrict the analysis of the error to the 
mannequin 1502, 1504 faces. 

FIG.17 illustrates graphs of face specific average iterations 
1700-2 in generating the depth map for the face specific first 
reduced resolution test image. Graph 1700 represents conver 
gence for mannequin 1502 and comprises curves 1704A-B. 
Graph 1702 represents convergence for mannequin 1504 and 
graph 1702 comprises curves 1706A-B. Curves 1704A-B 
represent the number of iterations needed for convergence for 
the depth map for image pairs separated by four and five 
depths of field (at full resolution), respectively. Curves 
1704A-B and 1706A-B tend to track each other and give 
comparable results. In addition, there is not a wide variation 
in the number of iterations needed to converge as was dem 
onstrated in the full image case (see, e.g., graph 1400 in FIG. 
14). For example, the range in iterations needed as compared 
with the average is approximately -15 to +10. Curves 
1706A-B demonstrate similar results. 

FIG. 18 illustrates graphs of face specific average error 
1800-2 in generating the depth map for the first reduced 
resolution test image. Graph 1800 represents error for man 
nequin 1502 and comprises curves 1804A-B. Graph 1802 
represents error for mannequin 1504 and graph 1802 com 
prises curves 1806A-B. Curves 1804A-B represent the error 
in the depth map for image pairs separated by four and five 
depths of field (at full resolution), respectively. Curves 
1806A-B are similar. Curves 1804A-B and 1806A-B tend to 
track each other and give comparable results. Curves 
1806A-B demonstrate similar results. 

FIG. 19 illustrates one embodiment of a second full reso 
lution test image 1900. FIG. 1900 comprises mannequins 
1902, 1904 and background 1906. Image 1900 was acquired 
with a focal depth of 120 mm and aperture of F4.8. Manne 
quin 902 is 3.43 meters from the camera sensor and manne 
quin 904 is 2.82 meters away. 

FIGS. 20-24 illustrate generated depth maps, iteration 
map, face specific templates, face specific error map, face 
specific average iterations and face specific average error for 
the full resolution test image in FIG. 19. FIG. 20 illustrates 
one embodiment of a generated depth map 2000 for the sec 
ond full resolution test image at differing focal depths. In this 
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12 
embodiment, the depth map was generated using the green 
channel. As in FIG.20, the different depth maps correspond to 
different initial lens positions. Each of the series of generated 
depth maps correspond to a depth map generated from a pair 
of images separated by a small focal depth (e.g., an image a 
particular focal depth and a second image at the next focal 
depth). The first five depth maps show little depth change. 
Because there is little depth variation in these initial depth 
maps, these depth maps have errors. The next twenty-five 
depth maps different depths for mannequin 1902, 1904 and 
background 1906. The final ten depth maps start to lose the 
differing depths for mannequins 1902, 1904 and background 
1906 and, thus, show error in the depth maps. 

FIG. 21 illustrates one embodiment of an iteration map 
2100 for the generated image map at differing focal depths. In 
this embodiment, the depth map was generated using the 
green channel. 
FIG.22 illustrates one embodiment of a face specific tem 

plate 2200 of the second full resolution test image. These 
templates are empirically generated and restrict the analysis 
of the error to the mannequin 1902, 1904 faces. 

FIG. 23 illustrates one embodiment of a face specific error 
map 2300 of the second full resolution test image. As 
expected, there is large error in the depth for the mannequin 
1902, 1904 faces for the initial five face specific error maps. 
The middle twenty-five face specific error maps show little 
error, as expected from above. More error is shown in the last 
ten face specific error maps. 

FIG.24 illustrates graphs of face specific average iterations 
2402 and average error 2404 in generating the depth map for 
the face specific second full resolution test image. In FIG. 24, 
graph 2400 illustrates the number of iterations needed to 
obtain the depth map for a particular picture. Curves 
2404A-B represent number of iterations needed for manne 
quin 902 and 904, respectively. 

Curves 2406A-B illustrate the error in the depth map for 
mannequins 902,904. As noted before, depth maps based on 
pictures early and late in the picture sequence (e.g., less than 
picture 12 and greater than picture 30), tend to show larger 
error. The middle sequence of picture has a relatively low 
error percentage. In addition, for the near mannequin 902 is 
larger than for the rear mannequin 904. 
FIG.25 illustrates one embodiment of the second reduced 

resolution test image 2500 and is the same image as in FIG. 
19, except the resolution is quarter videographics array reso 
lution of 320x240 pixels (k=26 as compared with image 900). 
FIG. 2500 comprises mannequins 2502, 2504 and back 
ground 2506. Image 2500 was acquired with a focal length of 
120 mm and aperture of F4.8. Mannequin 2502 is 3.43 meters 
from the camera sensor and mannequin 2504 is 2.82 meters 
away. 

FIGS. 26-28 illustrate face specific template, face specific 
average iterations and face specific average error for the 
reduced resolution image in FIG. 25. FIG. 26 illustrates one 
embodiment of a face specific template 2600 of the second 
reduced resolution test image. These templates are empiri 
cally generated and restrict the analysis of the error to the 
mannequin 2502, 2504 faces. 

FIG.27 illustrates graphs of face specific average iterations 
2700 in generating the depth map for the face specific second 
reduced resolution test image. Graph 2700 represents conver 
gence for mannequin 2502 and comprises curves 2704A-B. 
Graph 2702 represents convergence for mannequin 2504 and 
graph 2702 comprises curves 2706A-B. Curves 2704A-B 
represent the number of iterations needed for convergence for 
the depth map for image pairs separated by four and five depth 
of fields (at full resolution), respectively. Curves 2704A-B 
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and 2706A-B tend to track each other and give comparable 
results. In addition, there is not a wide variation in the number 
of iterations needed to converge as was demonstrated in the 
full image case (see, e.g., graph 2400 in FIG. 24). For 
example, the range in iterations needed as compared with the 
average is approximately -15 to +10. Curves 2706A-B dem 
onstrate similar results. 

FIG. 28 illustrates graphs of face specific average error 
2800 in generating the depth map for the face specific second 
reduced resolution test image. Graph 2800 represents error 
for mannequin 2502 and comprises curves 2804A-B. Graph 
2802 represents error for mannequin 2504 and graph 28.02 
comprises curves 2806A-B. Curves 2804A-B represent the 
error in the depth map for image pairs separated by four and 
five depth of fields (at full resolution), respectively. Curves 
2806A-B are similar. Curves 2804A-B and 2806A-B tend to 
track each other and give comparable results. Curves 
2806A-B demonstrate similar results. 

FIG. 29 illustrates one embodiment of a third full resolu 
tion test image 2900. FIG. 2900 comprises mannequin 2902 
and background 2904. Image 2900 was acquired with a focal 
depth of 120 mm and aperture of F4.8. Mannequin 902 is 1.83 
meters from the camera sensor. 

FIGS. 30-34 illustrate generated depth maps, iteration 
map, face specific templates, face specific error map, face 
specific average iterations and face specific average error for 
the full resolution test image in FIG. 29. FIG. 30 illustrates 
one embodiment of a generated depth map 3000 for the third 
full resolution test image at differing focal depths. Each of the 
series of generated depth maps correspond to a depth map 
generated from a pair of images separated by a small focal 
depth (e.g., an image a particular focal depth and a second 
image at the next focal depth). The first four depth maps show 
noise in the depth map, which indicate errors. The next 
twenty-four depth maps different depths for mannequin 2902 
and background 2904. The final twelve depth maps start to 
lose the differing depths for mannequins 2902 and back 
ground 2904 and, thus, show error in the depth maps. 

FIG. 31 illustrates one embodiment of an iteration map 
3100 for the generated image map at differing focal depths. In 
this embodiment, the depth map was generated using the 
green channel. 

FIG. 32 illustrates one embodiment of a face specific tem 
plate 3200 of the third full resolution test image. This tem 
plate is empirically generated and restricts the analysis of the 
error to the mannequin 2902 face. 

FIG.33 illustrates one embodiment of a face specific error 
map 3300 of the third full resolution test image. As expected, 
there is large error in the depth for the mannequin 2902 faces 
for the initial four face specific error maps. The middle 
twenty-four face specific error maps show little error, as 
expected from above. More error is shown in the last twelve 
face specific error maps. 

FIG.34 illustrates graphs of face specific average iterations 
3400 and average error 3402 in generating the depth map for 
the face specific third full resolution test image. In FIG. 34. 
graph 2400 illustrates the number of iterations needed to 
obtain the depth map for a particular picture. Graph 34.04 
represents number of iterations needed for mannequin 2902. 

Graph 34.06 illustrates the error in the depth map for man 
nequin 2902. As noted before, depth maps based on pictures 
tend to have a fairly constant error. 

FIG. 35 illustrates one embodiment of a third reduced 
resolution test image 3500 and is the same image as in FIG. 
29, except the resolution is quarter videographics array reso 
lution of 330x340 pixels (k=36 as compared with image 900). 
Figure. FIG. 3500 comprises mannequin 3502 and back 
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ground 3504. Image 3500 was acquired with a focal length of 
120 mm and aperture of F4.8. Mannequin 3503 is 1.83 meters 
from the camera sensor. 

FIGS. 36-37 illustrateface specific template, average itera 
tions and average error for the third reduced resolution image 
in FIG. 35. FIG. 36 illustrates one embodiment of a face 
specific template 3600 of the third reduced resolution test 
image. This template is empirically generated and restricts 
the analysis of the error to the mannequin 3502 face. 

FIG.37 illustrates graphs of face specific average iterations 
3700 and face specific average error 3702 in generating the 
depth map for the face specific third reduced resolution test 
image. In FIG. 37, graph 2400 illustrates the number of itera 
tions needed to converge on the depth map for a particular 
picture. Curves 3704A-B represent number of iterations 
needed for a depth of field (at full resolution) of four and five 
respectively. There is not a wide variation in the number of 
iterations needed to converge as was demonstrated in the full 
image case (see, e.g., graph 3400 in FIG. 34). For example, 
the range in iterations needed as compared with the average is 
approximately -10 to +10. 

Curves 3706A-B represent the error in the depth map for 
image pairs separated by four and five depth of fields (at full 
resolution), respectively. Curves 3706A-B tend to track each 
other and give comparable results. 
FIG.38 is a block diagram illustrating one embodiment of 

an image device control unit that calculates a depth map. Such 
as imaging system described in FIG. 1. In one embodiment, 
image control unit 106 contains depth map unit 120. Alterna 
tively, image control unit 106 does not contain depth map unit 
120, but is coupled to depth map unit 120. Depth map unit 120 
comprises configuration module 3802, reduced resolution 
module 3804, lens position module 3806, and depth map 
generation module 3808. Configuration module receives 
parameters that are used to configure modules 3804, 3806, 
3808. In particular, configuration module receives the reduc 
tion factor input, as described in FIG. 5, at block 502. 
Reduced resolution module 3804 acquires the reduced reso 
lution images as described in FIG. 5, at blocks 504 and 508 
and FIG. 6. Lens position module determines the next posi 
tion for the second image based on the reduction factor as 
described in FIG. 5, block 506 and FIG. 7. Depth map gen 
eration module 3808 generates a depth map based on the two 
images as described with reference to FIG. 4. 
The following descriptions of FIGS. 39-40 is intended to 

provide an overview of computer hardware and other operat 
ing components Suitable for performing the methods of the 
invention described above, but is not intended to limit the 
applicable environments. One of skill in the art will immedi 
ately appreciate that the embodiments of the invention can be 
practiced with other computer system configurations, includ 
ing hand-held devices, multiprocessor systems, microproces 
sor-based or programmable consumer electronics, network 
PCs, minicomputers, mainframe computers, and the like. The 
embodiments of the invention can also be practiced in distrib 
uted computing environments where tasks are performed by 
remote processing devices that are linked through a commu 
nications network, Such as peer-to-peer network infrastruc 
ture. 

In practice, the methods described herein may constitute 
one or more programs made up of machine-executable 
instructions. Describing the method with reference to the 
flowchart in FIG. 5 enables one skilled in the art to develop 
Such programs, including Such instructions to carry out the 
operations (acts) represented by logical blocks on Suitably 
configured machines (the processor of the machine executing 
the instructions from machine-readable media). The 
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machine-executable instructions may be written in a com 
puter programming language or may be embodied in firm 
ware logic or in hardware circuitry. If written in a program 
ming language conforming to a recognized standard. Such 
instructions can be executed on a variety of hardware plat 
forms and for interface to a variety of operating systems. In 
addition, the present invention is not described with reference 
to any particular programming language. It will be appreci 
ated that a variety of programming languages may be used to 
implement the teachings of the invention as described herein. 
Furthermore, it is common in the art to speak of software, in 
one form or another (e.g., program, procedure, process, appli 
cation, module, logic . . . ), as taking an action or causing a 
result. Such expressions are merely a shorthand way of saying 
that execution of the Software by a machine causes the pro 
cessor of the machine to performan action or produce a result. 
It will be further appreciated that more or fewer processes 
may be incorporated into the methods illustrated in the flow 
diagrams without departing from the scope of the invention 
and that no particular order is implied by the arrangement of 
blocks shown and described herein. 

FIG. 39 shows several computer systems 3800 that are 
coupled together through a network 3902, such as the Inter 
net. The term "Internet” as used herein refers to a network of 
networks which uses certain protocols, such as the TCP/IP 
protocol, and possibly other protocols such as the hypertext 
transfer protocol (HTTP) for hypertext markup language 
(HTML) documents that makeup the WorldWideWeb (web). 
The physical connections of the Internet and the protocols 
and communication procedures of the Internet are well 
known to those of skill in the art. Access to the Internet 3902 
is typically provided by Internet service providers (ISP), such 
as the ISPs 3904 and 3906. Users on client systems, such as 
client computer systems 3912, 3916, 3924, and 3926 obtain 
access to the Internet through the Internet service providers, 
Such as ISPs 3904 and 3906. Access to the Internet allows 
users of the client computer systems to exchange information, 
receive and send e-mails, and view documents, such as docu 
ments which have been prepared in the HTML format. These 
documents are often provided by web servers, such as web 
server 3908 which is considered to be “on the Internet. Often 
these web servers are provided by the ISPs, such as ISP3904, 
although a computer system can be set up and connected to 
the Internet without that system being also an ISP as is well 
known in the art. 
The web server 3908 is typically at least one computer 

system which operates as a server computer system and is 
configured to operate with the protocols of the World Wide 
Web and is coupled to the Internet. Optionally, the web server 
3908 can be part of an ISP which provides access to the 
Internet for client systems. The web server 3908 is shown 
coupled to the server computer system 3910 which itself is 
coupled to web content 640, which can be considered a form 
of a media database. It will be appreciated that while two 
computer systems 3908 and 3910 are shown in FIG. 40, the 
web server system 3908 and the server computer system3910 
can be one computer system having different Software com 
ponents providing the web server functionality and the server 
functionality provided by the server computer system 3910 
which will be described further below. 

Client computer systems 3912, 3916, 3924, and 3926 can 
each, with the appropriate web browsing software, view 
HTML pages provided by the web server 3908. The ISP3904 
provides Internet connectivity to the client computer system 
3912 through the modern interface 3914 which can be con 
sidered part of the client computer system 3912. The client 
computer system can be a personal computer system, a net 
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work computer, a Web TV system, a handheld device, or other 
such computer system. Similarly, the ISP 3906 provides 
Internet connectivity for client systems 3916,3924, and 3926, 
although as shown in FIG. 6, the connections are not the same 
for these three computer systems. Client computer system 
3916 is coupled through a modem interface 3918 while client 
computer systems 3924 and 3926 are part of a LAN. While 
FIG. 6 shows the interfaces 3914 and 3918 as generically as a 
“modem.” it will be appreciated that each of these interfaces 
can be an analog modem, ISDN modem, cable modem, sat 
ellite transmission interface, or other interfaces for coupling a 
computer system to other computer systems. Client computer 
systems 3924 and 3916 are coupled to a LAN 3922 through 
network interfaces 3930 and 3932, which can be Ethernet 
network or other network interfaces. The LAN 3922 is also 
coupled to a gateway computer system 3920 which can pro 
vide firewall and other Internet related services for the local 
area network. This gateway computer system 3920 is coupled 
to the ISP 3906 to provide Internet connectivity to the client 
computer systems 3924 and 3926. The gateway computer 
system 3920 can be a conventional server computer system. 
Also, the web server system 3908 can be a conventional 
server computer system. 

Alternatively, as well-known, a server computer system 
3928 can be directly coupled to the LAN 3922 through a 
network interface 3934 to provide files 3936 and other ser 
vices to the clients 3924, 3926, without the need to connect to 
the Internet through the gateway system 3920. Furthermore, 
any combination of client systems 3912, 3916, 3924, 3926 
may be connected together in a peer-to-peer network using 
LAN 3922, Internet 3902 or a combination as a communica 
tions medium. Generally, a peer-to-peer network distributes 
data across a network of multiple machines for storage and 
retrieval without the use of a central server or servers. Thus, 
each peer network node may incorporate the functions of both 
the client and the server described above. 

FIG. 40 shows one example of a conventional computer 
system that can be used as imaging system. The computer 
system 4000 interfaces to external systems through the 
modem or network interface 4002. It will be appreciated that 
the modem or network interface 4002 can be considered to be 
part of the computer system 4000. This interface 4002 can be 
an analog modem, ISDN modem, cable modem, token ring 
interface, satellite transmission interface, or other interfaces 
for coupling a computer system to other computer systems. 
The computer system 4002 includes a processing unit 4004, 
which can be a conventional microprocessor Such as an Intel 
Pentium microprocessor or Motorola PowerPC microproces 
sor. Memory 4008 is coupled to the processor 4004 by a bus 
4006. Memory 4008 can be dynamic random access memory 
(DRAM) and can also include static RAM (SRAM). The bus 
4006 couples the processor 4004 to the memory 4008 and also 
to non-volatile storage 4014 and to display controller 4010 
and to the input/output (I/O) controller 4016. The display 
controller 4010 controls in the conventional manner a display 
on a display device 4012 which can be a cathode ray tube 
(CRT) or liquid crystal display (LCD). The input/output 
devices 4018 can include a keyboard, disk drives, printers, a 
scanner, and other input and output devices, including a 
mouse or other pointing device. The display controller 4010 
and the I/O controller 4016 can be implemented with conven 
tional well known technology. A digital image input device 
4020 can be a digital camera which is coupled to an I/O 
controller 4016 in order to allow images from the digital 
camera to be input into the computer system 4000. The non 
Volatile storage 4014 is often a magnetic hard disk, an optical 
disk, or another form of storage for large amounts of data. 
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Some of this data is often written, by a direct memory access 
process, into memory 4008 during execution of software in 
the computer system 4000. One of skill in the art will imme 
diately recognize that the terms “computer-readable 
medium' and “machine-readable medium' include any type 
of storage device that is accessible by the processor 4004 and 
also encompass a carrier wave that encodes a data signal. 

Network computers are another type of computer system 
that can be used with the embodiments of the present inven 
tion. Network computers do not usually include a hard disk or 
other mass storage, and the executable programs are loaded 
from a network connection into the memory 4008 for execu 
tion by the processor 4004. A Web TV system, which is 
known in the art, is also considered to be a computer system 
according to the embodiments of the present invention, but it 
may lack some of the features shown in FIG. 40, such as 
certain input or output devices. A typical computer system 
will usually include at least a processor, memory, and a bus 
coupling the memory to the processor. 

It will be appreciated that the computer system 4000 is one 
example of many possible computer systems, which have 
different architectures. For example, personal computers 
based on an Intel microprocessor often have multiple buses, 
one of which can be an input/output (I/O) bus for the periph 
erals and one that directly connects the processor 4004 and 
the memory 4008 (often referred to as a memory bus). The 
buses are connected together throughbridge components that 
performany necessary translation due to differing bus proto 
cols. 

It will also be appreciated that the computer system 4000 is 
controlled by operating system software, which includes a file 
management system, Such as a disk operating System, which 
is part of the operating system software. One example of an 
operating system Software with its associated file manage 
ment system Software is the family of operating systems 
known as Windows.(R) from Microsoft Corporation of Red 
mond, Wash., and their associated file management systems. 
The file management system is typically stored in the non 
volatile storage 4014 and causes the processor 4004 to 
execute the various acts required by the operating system to 
input and output data and to store data in memory, including 
storing files on the non-volatile storage 4014. 

In the foregoing specification, the invention has been 
described with reference to specific exemplary embodiments 
thereof. It will be evident that various modifications may be 
made thereto without departing from the broader spirit and 
scope of the invention as set forth in the following claims. The 
specification and drawings are, accordingly, to be regarded in 
an illustrative sense rather than a restrictive sense. 

What is claimed is: 
1. A computerized method comprising: 
generating a first and second reduced resolution image 

using reduction information for the first and second 
reduced resolution image, the first and second reduced 
resolution image having a pixel size; 

computing a blur difference in the first and second reduced 
resolution images, wherein a blur radius of the blur 
difference is larger than the pixel size; and 

calculating a depth map based on the blur difference of the 
first and second reduced resolution images. 

2. The computerized method of claim 1, wherein each pixel 
of the first reduced image comprises averaging a block of 
pixels from a full resolution image. 

3. The computerized method of claim 2, wherein the aver 
aging is calculated from one of full color pixel information 
and one color channel pixel information. 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

18 
4. The computerized method of claim 1, wherein the blur 

difference is larger than a pixel size of the first reduced reso 
lution image and second reduced resolution images. 

5. The computerized method of claim 1, wherein the image 
reduction information is a factor used to reduce the image 
dimensions. 

6. The computerized method of claim 5, wherein image 
reduction information factor is a factork. 

7. The computerized method of claim 1, wherein the first 
reduced resolution image has a same aspect ratio as a full 
resolution image. 

8. The computerized method of claim 1, wherein the cal 
culating the depth map simulates a Gaussian blur with a 
convolving kernel related to a pillbox blur quantity. 

9. The computerized method of claim 1, wherein the gen 
erating the first and second reduced resolution images is 
based on a first and second full resolution images, wherein the 
first and second full resolution images were acquired with a 
separation of more than one depth of field. 

10. A non-transitory machine readable medium having 
executable instructions to cause a processor to perform a 
method comprising: 

generating a first and second reduced resolution image 
using reduction information for the first and second 
reduced resolution image, the first and second reduced 
resolution image having a pixel size; 

computing a blur difference in the first and second reduced 
resolution images, wherein a blur radius of the blur 
difference is larger than the pixel size; and 

calculating a depth map based on the blur difference of the 
first and second reduced resolution images. 

11. The non-transitory machine readable medium of claim 
10, wherein each pixel of the first reduced image comprises 
averaging a block of pixels from a full resolution image. 

12. The non-transitory machine readable medium of claim 
11, wherein the averaging is calculated from one of full color 
pixel information and one color channel pixel information. 

13. The non-transitory machine readable medium of claim 
10, wherein the blur difference is larger than a pixel size of the 
first reduced resolution image and second reduced resolution 
images. 

14. The non-transitory machine readable medium of claim 
10, wherein the image reduction information is a factor used 
to reduce the image dimensions. 

15. The non-transitory machine readable medium of claim 
14, wherein image reduction information factor is a factor k. 

16. The non-transitory machine readable medium of claim 
10, wherein the first reduced resolution image has a same 
aspect ratio as a full resolution image. 

17. The non-transitory machine readable medium of claim 
10, wherein the calculating the depth map simulates a Gaus 
sian blur with a convolving kernel related to a pillbox blur 
quantity. 

18. An apparatus comprising: 
means for generating a first and second reduced resolution 

image using reduction information for the first and Sec 
ond reduced resolution image, the first and second 
reduced resolution image having a pixel size; 

means for computing a blur difference in the first and 
second reduced resolution images, wherein a blur radius 
of the blur difference is larger than the pixel size; and 

means for calculating a depth map based on the blur dif 
ference of the first and second reduced resolution 
images. 

19. The apparatus of claim 18, wherein each pixel of the 
first reduced image comprises averaging a block of pixels 
from a full resolution image. 
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20. A system comprising: 
a processor; 
a memory coupled to the processor though a bus; and 
a process executed from the memory by the processor to 

cause the processor to generate a first and second 
reduced resolution image using reduction information 
for the first and second reduced resolution image, the 
first and second reduced resolution image having a pixel 

20 
size, compute a blur difference in the first and the second 
reduced resolution images, wherein a blur radius of the 
blur difference is larger than the pixel size, and to cal 
culate a depth map based on the blur difference of the 
first and second reduced resolution images. 


